INTRODUCTION
The acquisition, analysis, and comparison of data relating to the "reliability" of nondestructive evaluation (NDE) processes or systems is frequently obscured by a lack of clarity about exactly what is meant by reliability. Different industries make varied use of the term. Even within a single industry, such as aerospace, there is rarely any agreement on the definition of reliability, or of related terms such as capability, repeatability, etc. A set of five defined terms, initially suggested a decade ago, is here revived in the hope that their wider use may help to reduce the confusion. They may form a useful input to a sorely needed national or international standard on NDE reliability terminology.
CONCEPTS OF CAPABILITY AND RELIABILITY
Rummel [1] asserted a decade ago that "the established method of assessing and presenting inspection reliability data is by means of a probability of detection or POD curve", as shown in Figure 1 ; and [2] offered a definition of Reliability, approved by the American Society for Nondestructive Testing (ASNT), as "the probability of detecting a crack in a given size group under the inspection conditions and procedures specified". In the same year, an almost identical definition of reliability was adopted by a Reliability Analysis Workshop, held to discuss questions associated with the reliability of advanced NDE systems and on-going safety inspections at US Air Force overhaul facilities [3] . Also in that same year Packman [4] offered a more general definition of the reliability of an NDE procedure as "a quantitative measure of the efficiency of that procedure in finding flaws of a specific type and size", and provided an equivalent mathematical treatment in which he dealt with reliability as synonymous with POD. However, Packman also used "capability" in a similar sense, a common usage to which most of us have grown accustomed. For example, we may state that a specific NDE process is "capable" of detecting 1 mm long cracks. The evidence for this statement may be no more than a recollection that at some time in the past we verified that one or more such cracks were detected by that NDE process, but nevertheless the statement may be useful: someone looking for a way to detect cracks of that size would at least be encouraged to try that process. However, the statement is also potentially dangerous, since it does not address how many cracks of that size Illight have been missed by that same NDE process: we did not quantify the capability or the reliability of the process. These two terms do have related meanings. We would probably try to measure either of them in the same way, by asking an inspector to report whether cracks of a given size were or were not detected, and presenting the data in the format of Fi~re 1, but the similarity does not mean that capability and reliability are identIcal. Common usage readily accepts the interchange of "capability" and "sensitivity"; for example, we may be equally likely to talk of improving process capability or process sensitivity as a means to detection of smaller flaws. However, we are likely to hesitate before claiming that improved sensitivity necessarily results in improved reliability. Dictionaries [5, 6] also show that capability and reliability have different meanings. "Capable" is typically defined as "having capacity or ability, able to do things well, skilled, competent, efficient, able, etc.". "Reliable" means "can be relied on, dependable, trustworthy, etc." Nevertheless, capability and reliability have been used in NDE as though they were fully interchangeable by many authors, including those of several articles on quantitative NDE in the Metals Handbook [7] [8] [9] . A proposed standard on NDE System Reliability Assessment [10] states: "The prime objective of an NDE reliability demonstration is to determine the POD versus flaw size relationship which defines the capability of an NDE system under representative application conditions". In fact, all four of these references follow Rummel and Packman in effectively treating capability, reliability, and POD as synonymous. When linked to the methods given in these same documents for measuring POD (in terms of the proportion of known flaws which are detected by an inspection), this amounts to defining reliability, R, as:
where P(O I F) and peE I F) are respectively the conditional probabilities of detecting a flaw, and of missing a flaw, given that the flaw exists.
In other industries, somewhat different meanings may be found associated with reliability. For example, Avioli [11] has described a nuclear power industry definition of NOE reliabilIty as "the probability that no flaw exists, given that the inspection process indicates that there is no flaw"; this is equivalent to an expression given by Packman [4] :
where P(F) and peG) are respectively the probabilities that a flaw does and does not exist; and peE I G) is the conditional probability of verifying a ~ood part as flaw-free, given that the flaw does not exist. Packman called peG I E) "the likelihood of correct acceptance", and presented it as one of four such conditional probabilities describing "the reliability of inspection decisions". Equations 1 and 2 represent significantly different definitions of reliability.
In a general (non-NOE) industrial sense, reliability takes a different meaning: "the probability of a product performing without failure a specified function under given conditions for a specified period of time" [12] . Extensive efforts have been made to develop organized and structured approaches to this concept of product reliability, and to the related concepts of maintainability and supportability. Committee G-ll of the Society of Automotive Engineers (SAE) has published a summary of this work [13] . Although there are differences, such as that noted above, the many similarities between the goals and methods of the engineering communities interested in product reliability and inspection reliability makes closer cooperation between them appear to be of mutual benefit. SAE is clearly an eligible candidate to become the repository of a long overdue national or international standard on NDE reliability terminology.
FACTORS INFLUENCING PROBABILITY OF DETECTION
A statement that an NDE process (such as penetrant inspection) is "capable of detecting 1 mm long cracks" is much too simple to be a useful expression of quantitative capability. A meaningful statement would be much more specific: for example, something like "using penetrant A, with developer B, the controlled inspection process described in Procedure C is capable of detecting low-cycle fatigue cracks, of surface length 1.0 mm and aspect ratio 3:1, on etched, machined, flat Titanium 6Al-4V, with 90% probability, at a lower onesided 95% confidence level, measured and analyzed in accordance with Procedure 0". This statement recognizes that detectability of flaws will involve parameters related to the nature of the flaws, the physical characteristics of the material, the details of the inspection process, and the POD methodology.
Each of these factors influences both the "mean POD" (Le. our best estimate of the true value of flaw detectability based on our available flaw sample) and the scatter in the observed flaw detection data (which is reflected in the width of the associated confidence interval). The "capability" or "reliability" of an inspection process must encompass all these effects. Consequently it is clearly necessary to control the inspection process in ways which will lead both to good flaw detectability and to low scatter, and to plan the measurement of capability (or reliability) in ways which will accurately reflect how the inspection process will be applied in a production or field environment. Care must be taken: a) in acquiring POD data, that all relevant sources of variation have been included; b) in publishing POD data, that all of the conditions pertinent to their acquisition are listed; and c) in applying POD data, that the conditions under which the data were acquired are relevant to the application. The lack of clearly defined terminology produces confusion, misleading or erroneous data, and, perhaps, false conclusions.
It is unfortunate that in the only published standard Practice for NDE Reliability [2] , ASNT focussed attention almost exclusively on the physical flaw parameters. Other factors, such as inspection process, personnel, and environmental variables were listed, with the caution that they must be considered in attempting to relate the POD results obtained using this Practice to other cases. However, no mention was made of the likely influence of these other factors on NDE reliability. Worse, it was noted that it might "be economically necessary to recycle repeated NDE on a selected number of flawed specimens to acquire the required volume of data". This is certainly a realistic temptation', but POD data acquired in this way would be invalid for most production NDE processes, which involve only a single inspection. As Berens has noted [8] , "k inspections on n flaws is not equivalent to inspections on n*k different flaws".
The proposed new MIL-SID [10] is better. Attention is drawn to the need to identify all variables which might influence flaw detectability. These include those associated with part pre-processing, the choice of inspector, inspection materials, the sensor, the inspection setup, and the inspection process, as well as the flaw characteristics. It is required that certain of these variables be included in the evaluation of what is variously referred to [10] as capability, reliability, or even "capability and reliability". There is thus reason to hope that this document will resolve some of the uncertainties attendant on acquisition of NDE reliability data. However, we believe that provision of clearly defined terminology would make this document even more effective.
SUGGESTED TERMINOLOGY FOR NDE RELIABILITY
To reduce the confusion resulting from lack of agreed terminology, and from the large number of dependent and independent variables involved, the authors first offered [14] the following set of five terms for the consideration of attendees at the NDE Reliability Analysis Workshop, held at Wright-Patterson Air Force Base in September, 1982. This terminology has since found sporadic usage within the aerospace NDE community'!, but it has not been widely disseminated.
, In practice, the difficulty and expense of acquiring data incorporating all relevant variables may require some compromise. Care must be taken, though, to guard against practices which might a) significantly decrease the mean POD for a given flaw size; b) significantly increase the variation of the data; c) involve invalid or unsupported assumptions; or d) introduce incorrect methods of analysis.
Capability
Capability is a measure of the detectability of flaws of a specific type and size. The measurement is made in terms of the number of flaws detected from a known group of J flaw samples (of a single size); it involves a single inspector, making a single inspection, with one set of process conditions (for example, one penetrant, one developer, one set of times and temperatures, etc.; or one ultrasonic instrument, one transducer, one scan index, etc.). Flaw-to-flaw variation normally is the major source of scatter in the data.
Repeatability
Repeatability is a measure of the consistency of an inspection process. Measurement is based on one set of flaw samples, one set of process conditions, and one inspector (or automated inspection system), but involves K inspections per sample. Run-to-run variation is the principal source of variability.
Reproducibility
Reproducibility is a measure of the effect of inspection process changes. Measurement is based on one set of flaw samples, one inspection per sample, and one inspector (or automated inspection system), but involves L sets of process conditions (including changes in inspection equipment, changes in inspection materials, or changes in inspection procedures). Process-to-process variation is the principal source of variability. Note that a change in "process" could include repositionmg the part in an automated system, as well as process changes such as selecting a different (but nominally identical) ultrasonic transducer, or a different (but nominally identical) batch of penetrant.
Variability
Variability is a measure of the effect of human parameters. Measurement is based on one set of flaw samples, one inspection per sample, one set of process conditions, and M different inspectors. Inspector-to-mspector variation is the principal source of variability.
Reliability
Reliability is a composite measure of the effect of all four of the above factors. Measurements using multiple samples, multiple inspections, multiple process changes and multiple inspectors are employed.
DISCUSSION: APPLICATIONS OF THE TERMINOLOGY
The suggested terminology focusses attention on several independent factors: flaw characteristics, sensor discrimination, process effects, and human factors. Each can influence the reliability of an inspection process. Each is itself dependent on several other variables. For example, "flaw characteristics" includes various material properties -such as grain size, surface roughness, whether a surface has been etched, etc. -as well as the size, shape, orientation, position, and nature of the flaws.
This terminology offers distinct names for POD measurements which emphasize each in turn of these four major factors, as well as for their combined effect. Thus the terminology is consistent with the usage of Equation 1 to define reliability, although there is nothing to prevent its adaptation for use with Equation 2. Small changes might also be made to improve consistency with other documents [10] ; we hope that such changes will soon become the concern of a standard-setting organization, such as ASNT, ASTM or SAE.
POD and Joint Probability Distributions
In well-controlled inspection processes, it is unlikely that measured 50% confidence (so-called "mean") POD values will be altered much by adding to the effects of the flaw characteristics those of sensor discrimination, process variables, and human factors. On the other hand, independent of how wellcontrolled the inspection process is, since variances of independent parameters must be added together, for any single flaw size the variance of a Reliability measurement will necessarily be greater than that of a Capability measurement.
Published POD Data Examination of published literature on POD suggests that, using the above terminology, it is Capability that most often has been measured to quantify inspection processes. Repeatability or Variability have sometimes been measured deliberately, to quantify the contribution of each factor (see [9] , for example), but it is not always clear which of the two has been measured. Measurements of Reproducibility are rarely reported: in our terms, Reliability has almost never been measured!.
Unfortunately, data are often reported simply in the form "POD versus flaw size", without an explanation of the experimental conditions (see [7] , for exampie), or with the explanation buried in the accompanying text instead of accompanying the table or graph. Great care therefore must be used in attempting to apply most published POD data: they should be treated as little but approximations to the true mean POD; lower one-sided confidence levels are almost certainly over-optimistic, since it appears unlikely that all sources of variation have been taken into account. If it is truly the Reliability of the practical inspection process which is required, carefully planned and documented experimental measurement will be needed, to ensure that POD is measured under circumstances which are fully representative of the product inspection to which they relate.
Capability or Reliability?
The Capability of two inspection processes -two penetrants, for instancecould be (and usually is) compared by having one inspector make one test with one set of process conditions (one batch of each penetrant and developer, one black light, etc.) on a single set of samples covering the appropriate flaw type and size range. This is consistent with the suggested terminology, and can produce a meaningful comparison. Note that, for this comparison to be valid, there is an implicit condition that the other sources of variation are small. If it is not evident that this is true, then a full evaluation of the Reliability of these two inspections should be made, including the effects of repeated inspections, process changes, a variety of inspectors, etc.
With this example, it is clear that it is not essential always to measure Reliability. Although Capability and Reliability are not synonymous, nevertheless there are circumstances when Capability data can be accepted instead of Reliability data. However, if both Capability and Reliability are quantified using POD concepts, it can be anticipated that measurement of Reliability will always result in more conservative POD values (at all confidence levels greater than 50%), although the difference may be small if the magnitudes of the process and human variations are small.
Multiple Inspections
Repetition of an inspection process under nominally identical conditions shows the ability of the sensing system to discriminate between alternative outcomes. It also affords insight into the stability of the process and the influence of those conditions. The suggested terms were chosen to emphasize independent variables, but the nature of a practical POD measurements makes it difficult to isolate their influence: for example, a study of Repeatability will also test whether the process conditions are stable and whether the inspector (or inspection system) performs consistently. Conversely, a change in the inspection environment may well affect more than one of the suggested terms. For example, comparison of the same inspection technique as it is applied in a laboratory and in a production shop is likely to involve changes in Capability, Reproducibility and Repeatability.
Care must be taken in measuring any of the factors contributing to Reliability to ensure that the conditions correspond to the actual production or field inspection. For example, the results of repeated inspections can legitimately be presented as a measure of Repeatability or Variability. Using the combined results of repeated inspections to measure Capability could also be legitimate, but only if the production inspection follows exactly the same practice, and would be invalid if used simply to try to simulate an increase in the number of samples.
Manual or Automated Inspection Systems
In semi-automated inspection systems, functions such as part positioning or transducer manipulation may be automated, but a human may still function as "the inspector". In fully automated inspection systems, "the inspector" is the automated system itself. The suggested terminology is still applicable, with this slight reinterpretation. We can anticipate that, relative to non-automated (so-called "manual") inspections, Repeatability, Reproducibility and Variability will all improve as the degree of automation is increased. If they do not, the suggested terminology and measurement framework will help to identify changes needed to accomplish these goals.
ALTERNATIVE TERMINOLOGY Similar terminology, with somewhat different meanings for most of the terms, has been published by Thompson et al. [15] , and has been attributed [16] to an earlier publication by Haines [17] . Briefly, this alternative terminology is as follows: a) Capability: detectability of flaws as determined by physical principles b) Repeatability: changes in performance of a given instrument with time c) Reproducibility: differences in nominally identical instruments d) Variability: the effects of human factors e) Reliability: the composite of all these effects.
Thompson [15] commented that: "modelling determines the capability of a technique. One of the major application challenges is to develop realistic procedures whereby this can be correctly degraded to predict the observed reliability." Reconciliation of this set of definitions with that proposed by the present authors should 1}9,1",b,e difficult, since the intent and understanding clearly have much in comm~Ii;.";;:J;"" SUMMARY Unnecessary confusion, and the risk of false conclusions, arise from the use of terms such as "reliability" with different meanings by different authors. Five terms have been defined, distinguishing major influences on the reliability assessment of NDE processes. Their use is recommended as a basis for clearer communication and more consistent data analysis.
